Intense few cycle terahertz pulses exhibit complex non-linear behavior under interaction with heavily n-doped Si. Fast increase in the transmission of a 700 fs pulse (central frequency ∼ 1.5 THz) through the Si sample (low field transmission of ∼ 0.02 %) saturates at ∼ 8 % for the external field of 5 MV/cm and then drops twofold at ∼ 20 MV/cm. An electro-optical sampling measurements revealed formation of a single cycle terahertz pulse at this field due to formation of a thin ionized layer by the first intense oscillation of the terahertz field.
INTRODUCTION
An ultra-strong terahertz (THz) electric-field has become available for experiments recently and this opened feasibility of nonlinear terahertz optics. Record-breaking results have been obtained using synchrotron radiation sources (pulse energy W THz > 100µJ, electric-field strength E THz up to 20 MV/cm in the frequency range > 10 THz) [1] or using optical rectification in nonlinear organic crystals (W THz ∼900 µJ, E THz ∼50 MV/cm in the frequency range ∼ 1 THz) [2] [3] [4] [5] . These values are enough for tackling nonlinearity of a medium in optical range, and it also depends on the wavelength (quiver electron energy, etc.) that is ∼100 times higher in the THz domain than in the optical one.
Self-induced transparency of a medium under action of an electromagnetic radiation is one of the most important nonlinear effects in the optical range [6, 7] , including that observed in semiconductors [8] . In the terahertz range this effect (named bleaching) was previously observed in semiconductors irradiated with a THz field of relatively low strength [9] [10] [11] , and increase in transmission was of a few percent only. Recently, the giant enhancement of transmission from 0.03 to 2.5% in n-doped Si was observed at a maximum THz field E THz ∼3.1 MV/cm [12] . This effect was qualitatively interpreted within the Drude model because of increasing collision rate under action of the THz field.
In this work we observed that transmission by energy of the 700 fs THz pulse through ndoped Si sample amounts to as high as ∼ 8% with field strength up to 5-7 MV/cm and then gradually decreases nearly twofold at higher electric fields of 10-20 MV/cm. Analysis of the transmitted pulse waveform demonstrated its strong distortions and generation of higherfrequency spectral components at 7-10 MV/cm, and finally a 300-fs single-cycle pulse was observed at maximum field. Simulations showed that with E THz ∼5-7 MV/cm saturation of the electron-phonon collision rate occurs, and THz transmission saturates. Generation of a single-cycle pulse at even higher fields was associated with formation of a thin ionized layer at the front sample's surface during the first intense oscillation of the THz field cutting out subsequent field oscillations and decreasing total transmission.
EXPERIMENTAL LAYOUT AND METHODS
Intense THz pulses were generated by optical rectification of femtosecond laser pulses delivered by the Cr:forsterite laser system (1240 nm, 100 fs, 10 mJ, 10 Hz) in the organic nonlinear crystal DSTMS (4-N,N-dimethylamino-4'-N'-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate) of 8 mm in diameter [5] . A telescope 6:1 consisted of two off-axis parabolic mirrors with focal length of 25.4 and 152.4 mm was used to expand a THz beam up to ∼ 28 mm FWHM. The THz beam was focused to a 200-µm spot (FWe −1 H) using an off-axis parabolic mirror with focal length and diameter equal to 50.8 mm. Experimental layout is described in detail in [12] .
Terahertz pulse energy W THz was measured by a calibrated Golay cell (GC-1D Tydex). 
EXPERIMENTAL RESULTS
Experimental dependences of the transmission η from z-scan measurements are shown in Fig. 2 (a). The bleaching is clear at "low"energy W THz ∼ 11 µJ with maximum transmission η max ∼ 4% reached at the exact focal point z=0. Contrary, the transmission reached maximal value of 8.5% out of the focal point (z = ±1.2 mm) at higher energies W THz .
Dependencies of the THz transmission η on the field strength E THz are plotted in Fig. 2 (b). Curves were calculated using z-scan data from the observed changes in the THz spot shape along z introduce ambiguity in determination of the strength E THz from the displacement z. One can see that η max reaches ∼ 8.5%
at E THz ≈ 5 MV/cm, then it decreases nearly twofold at electric fields higher than 10-15 MV/cm. Note, that increase of the W THz from 74 to 105 µJ did not result in noticeable changes of the transmission curve (see Fig. 2 (b) ).
Additionally, dependencies η(W THz ) were measured at three sample's positions (at focus of the mirror, at maximum transmittance, z=1.2 mm, and at the middle point z= 0.38 mm)
to validate the unusual effect of maximal transmittance out of the focal position (Fig. 3) . The data obtained in this way completely supported z-scan data: η max was reached at ∼ 1.2 mm offset from the focal plane . (marked with an arrow in Fig. 1 (a) ). Finally at 21 MV/cm, the output pulse is a singlecycle one with a sharp rising edge, spectrum broadened up to 4 THz and central frequency shifted from 1.5 to 1.8 THz.
DISCUSSION
The data obtained could be understood from competition of processes of bleaching and ionization under action of an intense THz field. For carrier concentration around 10 17 cm −3
bleaching occurs due to increase in the collision rate ν of electrons with acoustic phonons [14] . There are no experimental and numerical data on collision and ionization rates in Si for a (quasi) dc electric field above 1 MV/cm because of the breakdown of a Si [15] . Hence short (< 1 ps) and intense THz pulses provide a unique possibility to investigate different materials at quasi dc fields unavailable other way.
Quantum-mechanical calculations of the collision rate ν(ε) as a function of electron energy ε were presented in [16, 17] . This rate rapidly increases in the energy range 0.5-1.5 eV, then remaining practically constant (∼ 1.2 − 1.5 × 10 14 s −1 ) up to energies of 5 eV. Hence a relation between the instant field strength E and electron energy ε should be established.
The collision rate ν significantly exceeds the central circular frequency ω of the THz pulse at E > 0.5 MV/cm and consequently at each instant an electron velocity equals to the drift
, where e, m -electron charge and effective mass and ε = 0.5mv 2 d . An intense THz field could induce generation of non-equilibrium carriers [18] as a result of the impact ionization by free carriers oscillating in an external field [19] [20] [21] or the tunnel ionization (Zener effect) [22, 23] . Silicon is non-direct-gap semiconductor and tunnel ionization probability is negligible. Impact ionization is possible if electron energy substantially exceeds the bandgap (1.12 eV for Si at 300 K). One can find several approximating formulae for the impact ionization rate in silicon resulting in quite similar curves [20, 21] .
Calculated dependencies of energy ε, rate ν and concentration of additional electrons n e on the maximum field strength E THz (inside a sample) are shown in Fig. 4 . The collision rate increases at E THz < 5 MV/cm and then reaches a constant value determined by our approximation of ν(ε) dependence. It results in an increase of carriers' energy up to several eV and at E THz ≈ 7 MV/cm this energy becomes high enough to induce rapid increase of an electron density.
An estimate of THz transmission η for a plane wave using Fresnel formulae with Drude dielectric permittivity and ν ∼ 1.2 − 1.5 × 10 14 s −1 gives η ∼ 8-9% well corresponding to the experimentally observed value. Therefore, the experimentally observed saturation of bleaching with increase in E THz to 5 MV/cm could be attributed to saturation of the collision rate ν.
We calculated dependence of the fraction f of the THz pulse energy contained within the first THz field oscillation (0.8-2.5 ps) regarding to the W THz on the strength E THz (calculated using experimental data plotted in Fig. 1 ) is shown in Fig. 2 (b) . This fraction slightly exceeds 0.5 for the maximum bleaching, and it increases up to 0.9 at higher fields.
This change causes a nearly two-fold decrease in transmission from 8% to 4% observed in our experiments.
To make deeper insight into the spectral-temporal changes of the THz pulse, preliminary numerical simulations of nonlinear propagation of an intense THz pulse through a silicon plate were performed. The Finite Difference Time Domain method was used to solve numerically the 1D Maxwell's equations for the electromagnetic field together with equations for plasma currents and carrier concentration. Dependencies of both the collision and impact ionization rates in Si on the E THz were taken into account when calculating the current.
Propagation of an intense THz pulse through the sample causes significant changes in the pulse waveform and spectra with prominent suppression of all oscillations except for the first one (Fig. 5) , that qualitatively corresponds to the observed experimental data. A thin ionized layer is formed at the input surface of the sample during the first oscillation of the THz field with E THz > 7 MV/cm. An electron density inside this layer drops from obtained using z-scan technique (Fig. 2 (b) ): the transmission reaches maximum at 5-10 MV/cm due to collision rate increase and saturation and then decreases slowly when ionization becomes important. Contrary, experimental data obtained with the sample fixed at the certain position z (Fig. 3) demonstrates saturation of the transmission after reaching the maximum value. We attribute this difference to the discussed above changes in the transverse THz field distribution along the pulse propagation. Note, that the experimentally measured transmission is averaged over the whole beam cross-section. Simple estimations showed, that averaged transmission obtained for the Gaussian beam should be smaller than for the flat-top beam of the same strength E THz by a factor of 1.3-1.5.
CONCLUSION
In summary, we studied the interaction of an intense THz pulse with the n-doped Si sample under the conditions inaccessible to quasi-stationary electric fields. With increasing maximum electric-field strength above 1 MV/cm a complex nonlinear dynamics of transmission of the 245-µm thick n-doped Si with carrier concentration of 9×10 16 cm −3 was observed.
An increase of electron-phonon collision rate (due to an increase of "instantaneous" electron energy) results in the bleaching at electric fields below 5 MV/cm. The maximum transmis-sion by energy was found out ∼ 8% that is more than two orders of magnitude higher than with a low-intensity THz pulse. Saturation of the transmission is attributed to saturation of the collision rate at electron energies above 1.5 eV. The transmission gradually decreases at higher fields above 7 MV/cm that is related to the onset of ionization by electron impact.
Ionization occurs in a thin surface layer during the first intense oscillation of the THz field.
This results in efficient reflection and attenuation of subsequent field oscillations leading to formation of a single-cycle THz pulse with sharp rising edge and broad spectrum. This pulse propagates deeper into the sample under the bleaching conditions. The observed effect strongly depends on the spatial energy distribution over the THz beam cross section and, in our experiments, the maximum transmittance was observed out of the focal plane.
Mutual orientation of a crystallographic axes of a sample and polarization of THz radiation seems of crucial interest for a further research, as well as angle of incidence dependence.
The n-doped Si can be used as an effective saturable absorber in the THz domain. Here peak transmission and its contrast under the action of low-and high-intensity THz fields can be controlled by thickness and carrier concentration of a sample. Finally, such a n-Si sample could be used to control THz pulse shape and spectrum, and even generate a single-cycle THz pulses with a sharp rising edge and a broad spectrum.
Authors wish to thank T. Ozaki for numerous helpful discussions. The work was sup- [2] H. Hirori, A. Doi, F. Blanchard, and K. Tanaka, Applied Physics Letters 98, 091106 (2011).
[3] S.-W. Huang, E. Granados, W. R. Huang, K.-H. Hong, L. E. Zapata, and F. X. Kärtner, Optics letters 38, 796 (2013).
[4] C. Vicario, B. Monoszlai, C. Lombosi, A. Mareczko, A. Courjaud, J. A. Fülöp, and C. P.
